As extreme ultraviolet (EUV) lithography approaches commercial reality, the development of EUV-compatible diffractive structures becomes increasingly important. Such devices are relevant to many aspects of EUV technology including interferometry, illumination, and spectral filtering. Moreover, the current scarcity of high power EUV sources makes the optical efficiency of these diffractive structures a paramount concern. This fact has led to a strong interest in phase-enhanced diffractive structures. Here we describe recent advancements made in the fabrication of such devices.
INTRODUCTION
Extreme ultraviolet (EUV) lithography 1 remains the top candidate for the technology to be used for the 32-nm generation of nano-electronics expected to enter volume production in 2009. As EUV lithography approaches commercial reality, the development of EUV-compatible diffractive structures becomes increasingly important. Diffractive structures have and are expected to continue to play crucial roles in many aspects of EUV technology. Currently, the most prevalent role for diffractive structures in EUV technology is EUV wavefront metrology. The phaseshifting point-diffraction interferometer (PS/PDI), 2, 3 for example, relies on accurate grating beamsplitters and sub-50-nm spatial-filtering pinholes to measure optical systems with numerical apertures (NA) exceeding 0.25. 4 The EUV implementation of the lateral shearing interferometer (LSI) 5, 6 also relies intimately on grating beamsplitters including crossed gratings. 7 Presently these gratings are typically transmission amplitude structures, however, significant benefit could be achieved in terms of throughput if transmission phase gratings were available.
Another promising area for diffractive EUV structures is in the implementation of high-efficiency spectral-purity filters, or monochromators. Although EUV systems are based on reflective optics, and are thus in principle relatively insensitive to chromatic errors, illumination bandwidth control is still required for EUV lithography. For example, appreciable amounts of UV power combined with resist sensitivity to this wavelength band would decrease printed image contrast. Also, appreciable amounts of IR power would place unacceptable thermal loads on the projection optics. Because of source power limitations in the EUV band of interest, it is crucial, however, that the EUV efficiency of the bandwidth control be maximized. Moreover, because IR rejection is a desired goal of the system, thermal robustness of the bandwidth control system is also of utmost importance. These requirements make blazed-phase-grating-based monochromators a very attractive option compared to membrane transmission filters. 8 Another promising area for diffractive EUV devices is in structured illumination systems. 9 Often times EUV sources intrinsically provide significantly lower divergence then might be required for imaging conditions. EUV-compatible random scatter plates and holographic or diffractive optical elements could play important roles in structured illumination systems potentially providing both coherence and illumination uniformity control. Again, the desire for high efficiency leads to a strong preference for phase-enhanced devices.
TRANSMISSION PHASE STRUCTURES
As described above, EUV wavefront interferometers could benefit significantly from the availability of transmission phase gratings. Not only could throughput gains be achieved for both the PS/PDI and the LSI, but the practically achievable accuracy of the PS/PDI might also be enhanced. 10 While it is difficult to find pure phase-shifting materials at EUV wavelengths, there are various candidate materials that have attractive absorption to phase-shifting ratio properties. One of the best available materials for phase shifting at EUV wavelengths is Molybdenum (Mo). At a wavelength of 13.4 nm, Mo has a Delta (the decrement from unity of the real part of the complex index of refraction) of 7.73u10-2 and a Beta (the imaginary part of the index of refraction) of 6.23u10-3. From these values, we find the 1/e attenuation length of Mo to be 171 nm and the S-phase-shift length to be 86.5 nm. For a S-phase-shift thickness the transmission intensity at a wavelength of 13.4 nm is approximately 60%.
Mo has recently been used to fabricate phase-enhanced gratings with promising results. 10 The efficacy of the present process has been limited by the quality of the wet Mo etch chemistry used, however, improved dry etch processes are being developed. To date, for a 40.7% duty cycle grating (mostly open) first order to zero-order diffraction efficiency ratios of up to 2.4 have been achieved, whereas a ratio approaching 4 is possible. Significantly higher ratios are also feasible simply by increasing the duty cycle towards 56% where the peak ratio occurs. We note that peak specular suppression is not at 50% as one might typically expect from a phase grating due to residual absorption of EUV in Mo.
Another potentially interesting application for Mo transmission devices is an EUV diffuser, an EUV equivalent to etched or ground glass as often used at visible wavelengths. As described below, however, the efficiency of such a device is severely limited by the residual, albeit relatively small, absorption of EUV by Mo.
For the following illustrative analysis, we consider a conventional statistically Gaussian diffuser 12 where the minimum thickness is set to zero. In the case of an ideal phase diffuser, the desired spatial bandwidth can be equally-well achieved by varying either the minimum feature size on the diffuser and/or the modulation-depth of the diffuser. For a Mo diffuser, however, the inherent attenuation leads to a trade-off between modulation-depth and efficiency. For this reason, it is beneficial to use spatial feature size as the primary means of obtaining the desired diffusion bandwidth. It is also important to note that the dc-suppression (suppression of the specular component that leads to a coherent background) requirement leads to a lower limit on the acceptable modulation-depth. Table 1 shows the low-angle scatter to specular transmission ratio (diffuser efficacy) and total efficiency for Gaussian Mo diffusers of varying modulation-depth. The diffusers are arbitrarily chosen to have a bandwidth in the 0.01 to 0.02 NA range. The modulation-depth is defined as the standard deviation of the thickness profile in S-phase-shift lengths. For example, a Mo Gaussian diffuser with a modulation-depth of 1 has a thickness standard deviation of 86.5 nm. The low-angle scatter to specular transmission ratio is defined as shown in Fig. 1 , which is a line-out along the x axis of the calculated far-field scatter pattern for the modulation-depth equal 1 case. Figure 1 shows the time-averaged angular scatter profile assuming the diffuser to be moving at a rate of more than 1000 correlation lengths over the integration time.
The tabulated diffuser properties are based on far-field diffraction calculations. The time averaging, which is required when considering properties related to coherence, is simulated by calculating the intensity diffraction patterns for many (more than 1000) independent realizations of the diffuser and averaging the results. We note that the total power efficiency shown in Table 1 is calculated ignoring substrate effects. In practice, the diffuser must be patterned onto a membrane that will further attenuate the light, further diminishing the throughput. If, for example, the diffuser is patterned onto a 100-nm thick Si 3 N 4 membrane, the actual efficiency will be ~43% of the numbers shown in Table 1 Table 1 . Diffuser properties as a function of modulation depth.
From Table 1 we see that a modulation depth of greater than 1.2 is required in order to achieve an efficacy greater than 0.96 for the ~0.02 NA bandwidth Molybdenum diffusers considered here. We also see that exceeding this modulation depth causes the efficiency to quickly drop below 10%, making it likely impractical to achieve an efficacy of unity. We note, however, that requiring an efficacy of unity may be overly restrictive: when used as a decoherentizer for an imaging system, the more relevant property to consider is the ratio of the incoherent-image, or partially-coherent-image, forming light to coherent-image forming light. The specular component can be viewed as simply overlaying the desired partial-coherence image with a full-coherence image. In this case, the ratio of interest is the total energy contributing to the imaging over the specular energy contributing to the imaging. For the first entry in Table 1 , where the efficacy is 0.52, we see this new ratio to be 7,769 to 1 under the assumption that scattering from the diffuser up to an NA of 0.025 contributes to the image (the acceptance NA of a 4u-reduction 0.1-NA system). The incoherent image is more than 7,000 times stronger than the coherent overlay. This apparent tremendous gain is due to this new measure taking into consideration the two-dimensional nature of the diffuser. The efficacy definition in Fig. 1 ignores the effect of integration over two-dimensional scattering angle.
The claim that the incoherent image is more than 7,000 times stronger than the coherent image is based on the assumption that both the coherent and incoherent object-plane illumination areas are equal in size. This limiting case is only achieved when the diffuser is very close to the object plane or re-imaged to the object plane (Critical Illumination). If the diffuser is Fourier transformed to the object plane (Khöler Illumination) the coherent illumination will be concentrated. 13 In this case the coherent image corruption may be more noticeable, however, it will be limited in area.
REFLECTION BLAZED PHASE GRATINGS
Spiller 14 was the first to suggest the use of multilayer reflection coatings 15, 16 to improve the efficiency of gratings in the soft X-ray and EUV wavelength ranges. Since that time, considerable effort has been directed to the implementation of this idea at various wavelengths and angles of incidence. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Of particular interest has been the implementation of blazed gratings due to potentially high diffraction efficincies, [19] [20] [21] [22] [23] however, in practice, square-wave gratings had been found to deliver higher first-order efficiency. [24] [25] [26] This is due to superior substrate control that had been achieved in the past with square-wave gratings as compared to that achieved with blazed gratings.
More recently, however, gray-scale e-beam lithography techniques have been developed enabling the fabrication of extremely high efficiency near-normal incidence blazed phase grating operating in the EUV regime. 27, 28 Noting that an 8-step blazed phase reflective grating operating at a wavelength of 13.4 nm and and angle of incidence of 5q would ideally have a peak-to-valley height of 5.88 nm and an individual step height of 0.841 nm, the fabrication task is quite challenging. Fabrication of the desired grating profile is achieved directly in resist through a gray-scale electron-beam Proc. of SPIE Vol. 5347 11 exposure process. With high resolution and attainable roughness of lower than 1 nm rms, hydrogen silsesquioxane (HSQ), 29 a spin on glass made by Dow Corning, has proven ideal for this application. Another benefit of this material is that it is extremely stable after development, serving as a thermally stable permanent base for the requisite multilayer overcoat.
In the recently developed HSQ grating fabrication process, 28 the grating profile is patterned into a approximately 80-nm thick layer of resist spun onto a silicon wafer. For the exposure step, a high-resolution electron-beam lithography tool 30, 31 operating at 100 keV, is utilized. The desired grating is represented as a data set wherein the desired grating heights as a function of position are encoded as different relative doses to be delivered to the resist. The prescribed doses include compensation for resist nonlinearity 32 and localized back-scatter effects. The base dose is approximately 300 PC/cm 2 . After exposure, the HSQ is developed in 0.26N TMAH photoresist developer, Shipley LDD26W for 75 seconds.
The next step is to overcoat the grating with a reflective Mo/Si multilayer. Two separate coating processes have been used: magnetron deposition 33 more faithfully preserves the underlying topography, whereas ion-beam deposition 34 can be used to provide enhanced smoothing of the residual roughness in the resist. In practice, we have found the two methods to yield nearly identical results, 28 with the smoothing gains achieved by the ion-beam process being offset by losses in topographic fidelity. We note that this conclusion is expected to depend somewhat on the pitch of the grating. Although parity between the two methods was found at a pitch of 1 Pm, one would expect the magnetron process to be preferable as the period is reduced and the ion-beam process to be preferable as the period is increased.
Using the above-described processes, 1-Pm pitch EUV gratings with absolute diffraction efficiencies as high as 41% into the first diffracted order have been demonstrated. 28 Given that typical multilayer reflectivities in the EUV range are on the order of 65%, these results demonstrate the high quality of the profiles achievable with the e-beam fabrication method even after multilayer coating.
Noting that a grating can be viewed as a null hologram, the methods described above can readily be extended to the fabrication of computer-generated holograms (CGH). Using the blazed grating as the carrier is best suited to the fabrication of phase only holograms. Alternatively, the same fabrication method can be used to generate a strictly binary carrier more readily enabling the fabrication of phase-amplitude holograms. The amplitude can be encoded into the carrier by modulating the duty cycle and hence the diffraction efficiency. This has advantages over patterning of a second absorbing layer because overlay requirements are eliminated. The drawback of going to a binary carrier instead of the blazed carrier is that the efficiency is reduced. An ideal binary phase carrier would support a theoretical efficiency of only 40% instead of 100% of the multilayer reflectivity. Nevertheless, this represents a significant improvement over what could be achieved using a binary amplitude carrier where the efficiency would be limited to 10% of the multilayer reflectivity.
A significant limitation of the overcoated CGH process, however, is the multilayer smoothing effect. In practice one will be limited in resolution by the smoothing instead of the lithography. Noting that the multilayer smoothing effect can support at best a resolution of 100-nm for a typically EUV multilayer and that e-beam tools have been shown to support fabricated structures exceeding 25-nm resolution, 31 using the overcoating process described here can represent a factor of 10 reduction in attainable resolution. This can be significant for CGH applications because of the large spatial bandwidth requirements of carrier-frequency holography. 35, 36 
REFLECTION EUV DIFFUSERS
The low efficiency of the transmission EUV diffuser described above would render it impractical in many applications. Methods similar to those used to fabricate EUV blazed phase gratings, however, are also applicable to the fabrication of EUV reflection diffusers.
A reflection diffuser, imparting the phase modulation by virtue of geometric path-length differences instead index of refraction changes, requires much less topography than does the transmission Mo diffuser. Moreover, the fact that the device provides nearly pure phase modulation means that the modulation depth, as defined above, can safely approach unity further reducing the required topography. Nevertheless, fabricating a true Gaussian diffuser 12 could, in principle, require arbitrarily large topography because there remains a finite probability of any height. To avoid this issue, the diffuser topography can be safely limited to a height range of +/-3 V. Targeting a modulation depth of 1.1, a wavelength of 13.4 nm, and an angle of incidence of 10q, would lead to a required peak-to-valley topography range of 22.6 nm, approximately 4 times larger than the topography required of the HSQ grating described in section 3.
The 22.6 nm topography requirement applies after multilayer coating. In practice, the topography patterned into the HSQ must be even larger and will depend strongly on the coating process used as well as the target correlation length for the diffuser. Taking into consideration magnetron-sputtered multilayer smoothing effects combined with a target spatial correlation length of approximately 100 nm, we find the actual required topography to exceed 30 nm. As the target correlation length is reduced or the multilayer smoothing is increased, the required pre-coating topography will also increase.
Reoptimizing the HSQ process described in section 3 for this larger topography, the diffuser profile is patterned into approximately a 360-nm thick layer of resist. The exposure step is again performed using an electron-beam lithography tool operating at 100 keV, with the desired Gaussian topography being represented as relative dose as described above. The base dose is approximately 100 PC/cm 2 and the development time is 120 seconds. The HSQ surface is then overcoated with a magnetron sputtered Mo/Si multilayer to provide the EUV reflectivity. In the case of the 100-nmcorrelation-length diffuser, magnetron coating has been found to be preferable over ion-beam deposition due to the lower smoothing of the patterned roughness.
A ~100-nm correlation length diffuser fabricated using this process has been characterized using the high accuracy EUV reflectometer at the calibration and standards bend-magnet beamline 6.3.2 at the Advanced Light Source located at Lawrence Berkeley National Laboratory. 37 The measurement was performed with a spectral resolution, O/'O, of approximately 1400. The diffuser was characterized by placing a detector at the re-imaging plane of the exit slit of the beamline monochromator and scanning the detector through the diffraction pattern. The illuminating beam was 200-Pm wide guaranteeing it to not spill over the 0.6u1.8 mm diffuser area. This in turn assures an accurate measurement of the diffuser scatter characteristics. EUV-measured scatter data for a reflective ~100-nm correlation length EUV diffuser fabricated using gray-scale e-beam lithography in HSQ.
ideal total efficiency of approximately 4%, 5 times lower then the demonstrated efficiency of the HSQ reflection diffuser.
Although powerful in terms of its flexibility, the HSQ diffuser fabrication process is extremely slow due to the exposure process. It takes approximately 6 hours to expose a 1-mm 2 area of diffuser. This method is evidently not feasible for large area diffusers. To address this issue we have also studied the fabrication of diffuser substrates where the desired roughness is engineered through a sputtering process.
Process studies in this area have included a variety of materials, however, our best results have been achieved in chrome. In this method, a magnetron-sputtering chamber is used to sputter the chrome. By adjusting the energetics of the process and target distance parameters, one can exercise some control over the roughness of the sputtered surface. This method has the capability to produce nearly arbitrarily large diffusers. In our particular sputter chamber, surfaces up to 100-mm in diameter can be coated, producing nearly 8,000 mm 2 of diffuser area in less than an hour. Moreover, larger capability magnetron tools are readily available. Using the e-beam technique, a diffuser of equivalent area would take approximately 6 years of exposure time. Figure 3 shows the EUV-measured scatter profile for a recently fabricated large-area chrome diffuser. The smooth curve is again a fit to the data and in this case a Gaussian-squared function is found to provide a good fit up to an angle of 10q. As with the HSQ diffuser, no significant specular peak is observed. The measured total efficiency of the diffuser is approximately 7.6% and the efficiency within the HSQ diffuser target 100-nm correlation length is approximately 2.5%. A significant drawback of this method is that it is very difficult to control correlation length of the resulting diffuser resulting in much less control over the diffusion characteristics and often leading to a negative impact on the efficiency compared to an optimized HSQ diffuser. Fig. 3 . EUV-measured scatter data for a reflective sputtered-chrome diffuser.
Finally we note that it is also feasible to fabricate an EUV diffuser using the CGH techniques described in section 3. In addition to the constraints described in section 3, a diffuser implemented as a CGH will force the diffuse light to be placed onto a spatial carrier.
SUMMARY
The development of EUV lithography has spurred interest in diffractive EUV elements. The efficiency of these elements is of utmost concern driving the development of phase-enhanced structures. To address these needs we have developed a variety of new fabrication techniques supporting both transmission and reflection phase elements. Here we have summarized results demonstrating transmission phase gratings potentially important for metrology techniques, highefficiency blazed phase reflection gratings with great promise for use in spectral-purity filters, and reflection diffusers for use in structured illumination systems.
